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Sk letal muscle is an attractive target for somatic gene 
transfer of both acquired and Inherited disorders. Direct 
injection of adenoviral vectors in the skeletal muscle 
leads to recombinant gene expression in a large 
number of muscle fibers. Transgene expression has 
been transient in most organs and associated with 
substantial inflammatton when experiments are 
performed in adult immune competent mice. In this 
report, v^e utilize a variety of In vivo and in v/liro models 
of T anrfD cell function to characterize the nature of the 
immune response to adenoviral vectors Injected into 
murine skeletal muscle- Cellular immunity dependent 
n CD4+ and CD8+ T cells contributes to the loss of 
r combinant gene expression and the development of 
localized inflammation. Antigen specific activation of T 
cells occurs to both viral proteins and the repoiter gens 
p-galactosidase. Systemic levels of neutralizing 
antibody to the capsid proteins of ttie vector are also 
generated, [lestnjctive immune responses responsible 
for loss of transgene expression are largely directed 
against p-galactosidase in that transgene expression 
was stable when ^galactosidase was eliminated as a 
neoantigen in mice transgenic for lacZ. A strategy to 
prevent the cellular and humoral Immunity to this 
therapy was developed based on transiently ablating 
CD4+ T cell activation at the time of vector delivery. 
Encouraging results were obtained when vector was 
administered wltti one of several immune modulating 
agents including cyclophosphamide, mAb to CD4+ 
cells, and mAb to CD40 ligand. These studies indicate 
that c^Jlular and humoral immune responses are 
elicited in the context of gene therapy directed to 
skeletal muscle with adenoviral vectors. Transient 



ablation of CD4+ T cell activation prevents the effector 
responses of the 008+ T and B cells. 

INTRODUCTION 

Recombinaiu adenoviruses are being tested as vehicles to deliver 
genes to skeletal muscle. Applications include treatment of 
inherited neuromuscular diseases such as Duchenne Muscular 
Dystrophy (DMD) (1), as well as ectopic expression of a gene 
whose product is secreted in the blood stream (2,3). First 
generation adenoviral vectors have been deleted of sequences 
spanning the immediate early genes Ela and Elb to render diem 
replication defective and potentially suitable for therapeutic 
applications. The fact that adenoviral vectors can efficiently 
transduce nondividing cells is important for in vivo gene transfer 
to skeletal muscle where the majority of cells are syncicium of 
post-raitotic cells called muscle fibers. Injection of yector into 
newborn mice yields efficient and stable recombinant gene 
expression which contrasts widi the results obtained in adult 
animals where expression of the transgene diminishes to unde- 
tectable levels within several weeks (4-1 0). 

The observation that adenoviral vector expression is prolonged 
when administered to a newborn suggested that host responses 
may underlie limitations of the technology in adults. This is 
reminiscent of previous studies with adenoviral vectors delivered 
to mouse liver and lung where a full spectrum of humoral and 
cellular immune responses have been characterized (11-14), In 
these systems, CP8^ T cells are activated to neoanrigens 
expressed in the target cells which include viral proteins and the 
transgene product Resulting cytotoxic T lymphocytes (CTLs) 
target the genetically modified cell leading to extinction of 
transgene expression and the development of inflammation. The 
input viral capsid proteins activate B cells that secrete neutraliz- 
ing antibody which diminishes cfEciency of gene transfer upon 
a second administration. In vivo activity of the CTL and B cell 
effectors is dependent on activation of CD4+ T cells to the viral 
antigens (15-17). Confuination of die role of cellular and 
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humoral immune responses in muscle direcied gene iraiisfer hiLs 
been supported in previous studies in immune deficient or 
inmiune suppressed animals where iransgene expression was 
extended and inflammanon was diniimshed (8-10,18). 

In this repon we charactei-ize the precise cellular and humoral 
immune responses lo El deleted adenoviral vector in skeletal 
muscle of mice. Strategies for circumvenung these problematic 
responses arc also described. 

RESULT^' 

CcUulur imniune responses limit adenoviral vectors in 
sk letal muscle 

An El deleted adenoviral vector expressing p-galaaosidaise was 
injected direcGy tnio the tibialis anterior muscle of C57BL/6 
mice. Representative micrographs of X-gal stained d&sues are 
presented in Figure 1, while Table I summarises quantitative 
moiphometric analyses. Evaluation of tissue 10 days later 
revealed high levels of p-galactosidase in muscle fibers located 
in proximity to the area injected (Fig. lA). Expression was 
iransjent diminishing to undetectable levels within 30 days (Fig. 
IB shows tissue harvested at day 60). A significant inflammatory 
response developed subsequent to gene transfer diai was char- 
acterized by mononuclear cell infiltration and degeneration of 
muscle fibers (Fig. 2); inflammation peaked 17 days foUowing 
gene transfer and .slowly diminished to baseline over several 
monlhs. No inflammation was noted in PBS injected animals 
(data not shown). Inmiunofluoresceni smdies indicated that both 
CD4-^ and CDS"^ T cells were mobilized in this infianmiatory 
response. Figure 3A and B show representative micrographs 
before and 10 days after gene transfer; Figure 3F presents a 
quantitative morphometric analysis of density of CD4'^ T and 
CD8"^ T cells 10 days after vector administration. Those cells 
Runounde^* by CD4'*' T and CDS'*" T cells were shown in serial 
sections to express p-galactosidase (data not shown). 

Table 1- Adenovirus- mediated UiC7. Ecnc expression in muscles of differem 
strains of adult mice 



Perccnl transgene expression 

Day 10 Day 60 Day ISO 



C57BL/6 


35.20+ )^l-2I 


0 




Rag-2- 


6.6 ± 4.6 


18.03 ± 13.67 


23.81 ±5.61 


P2m~ 


2520 + 2). 78 


27-3] ±22.61 


29.47 ±19.01 


Rosa-26 


16.42 ±a.fl4 


9.13 ±5.67 


25.35 + 9.73 



Data were quantified with Quanamrt 500+ (Uica) by analyzing the whole cross 
bcctions of tibialis amerior muscles from a toml of iiix legs for the exprcwion of 
lacZai days 10» 60 and 1 80. Percent trans^ene expression rcpres£ni5 the number 
of X*gal positive fibers divided by the Lotal number of fibcn; XlOO. 
Data neprcaeni mean ± SD. 



The role of cellular immune responses was confirmed in studies 
performed with mice genetically deficient in several genes 
involved in immune reguladon. Transgene expression was stable 
over 180 days (Fig. IC, D and E and Tabic 1) and associated with 
linle inflammation when injected into Rag-2" mice who have 
global detects in both cellular and humoral immunity due to a 
deficiency in the rccombinasc gene. Similar re.su] ts were obtained 



ill ponr rtiice which arc deficient in expression of class I MHC 
and lack mature CD8+ T cells (Fig. IF, G and H and Table 1). 

^galactosidase is the target of destructive cellular 
responses 

Lymphocytes were harvested from inguinal lymph nodes 10 days 
after gene transfer for more detailed immunologic studies 
including chromium release assays to assess activation of CD8"^ 
T cells and fomiation of CTLs. Representative experiments are 
presented in Figure 4, Analysis of lymphocytes harvested from 
C57BL/6 animals infected with HS.OlOCMVIacZ is shown in 
Figure 4A. Lymphocytes restimulated with /ocZ expressing virus 
demonstrated significant cytolysis to MHC identical iai;gets 
infected wiih the lacZ adenovirus. The lack of cytolytic activity 
to uninfected targets confirmed the specificity of the assay. This 
experiment demonstrates CTL to vector encoded andgens but 
does not discrimii^c between viral proteins versus the expressed 
Iransgene product as the source of T cell activation. Similar 
results were obtained with targets infected with an adenoviral 
vector expressing another reporter gene indicating that viral 
proteins are recognized (data not shown). Cytolysis of targets 
expressing P-galaciosidase from a retrovirus confirmed that the 
transgcnc product is also a target for CTLs. 

C57BL/6 mice were injected intramuscularly (i.m.) with an 
idendcal dose of HS.OlOCMVIacZ ihai had been inactivated with 
UV. The goal of this experiment was to discriminate between 
capsid viral antigens versus newly expressed viral proteins as 
acuvators of CTLs. Lymphocytes harvested from the.se animals 
were restimulatc:d in vitro and analyzed for CTL activity (Fig. 
4C). No cytolysis above background was detected from targets 
infected with ihe adenovii-al vector confirming that capsid 
proteins are weak activators of CTLs. 

Studies described above indicate thai cellular immune re- 
sponses limit duration of vector derived iransgene expression and 
that CTLs arc activated to both viral antigen and p-galactosidase. 
Additional studied were performed to assess the contriburion 
these different sets of CTLs play in extinguishing transgene 
expression. The tacZ vector was injected i.m, into Ihfc ROS A-26 
mouse which is transgenic for lacZ expressed from a retrovirus; 
the germline lacZ gene is expressed in many tissues except for 
muscle. In this transgenic mouse, ^-galactosidase should not be 
immunogenic, allowing a direct assessment of die performance 
of ihe vector. Lymphocytes from these animals were shown to 
demonstrate significant cytolytic activity to viral protein expres- 
sing targets but not P-galactosidase expressing targets (Fig. 4B). 
The vector derived p-gaiactosidase was detectable in muscle of 
the ROS A-26 without diminution for at least 180 days (Fig. 
II-K). These data indicate that cellular immune responses to the 
vector or viral gene products do not limit duration of iransgene 
expression. This confinns the recent report of Tripathy et al. who 
smdicd the performance of adenoviral vectors expressing either 
human or mouse erythropoietin in immune competent mice (19). 

Tk-ansient ablatl n f CD4 activation prevents 
destructive ceDulnr im^ujie responses 

Previous studies in liver and lung models of gene therapy 
indicated that activation of CD4+ T cells to input viral capsid 
proteins was necessary for functional CTL response 
(15-17,20,21). This would predict that administration of agents 
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lhai interfere with T cell priming for a shon interval after vector 
delivery should lead to prolongation of transgene expression. 
Experiments were conducted in C57BL/6 mice that received lacZ 
vector i.m. with one of the following immune modulating agents: 
(i) cyclophosphamide [100 mg/kg intraperiioneally (i.p.) days 0, 
+3 and -k6], an alkylating agent that non-specificalJy kills cycling 
cells; (ii) antibody lo C:D4+ ( 1 00 jig day -1, 0, +3 and +6) which 



specifically eliminates CD4+ T cell fimction by depleting the 
cells; and (iii) blocking antibody to CD40 ligand (CD40L) (100 
Jig days - 1 , 0, +3 and +6) that interferes with a costimulaiory step 
i^uired for T cell activation (22). 

Lymphocytes harvested from inguinal lymph nodes 10 days 
after treatmeni with vector were stimulated with inactivated virus 
and supemaianis were analyzed by ELIS A for cytokines specific 
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10 17 26 60 



Day 

Figure 2. Histopaiholo^y of mouse muscles in response to nicombinant 
adenoviruses. Musde tissues were harvested following infusion of 
H3.010CMVIac2 (5 x 10^ p^f.a) and evaluated for evidence of pathoiogical 
changes by light microscopic exajiiinauon of H&E sections- Exicnt of 
pathoJogy was scored from 0 (no pathology) lo 3 (severe pathology). Sec 
MatcriEilji and Methods for details. This figure summaiizcs the extent of 
pathology observed in C57BL/6 ('ControJ'), CD4 Ab-trcated C+CD4 Ab'), 
CD40L Ab-ueated ('+CD40L Ab') and cyclophosphamide-treatcd ('+Cyclo- 
phosphamidc') mice as a function of time following infusion of vim."; (days 10, 
17. 28 and 60). 

\ 

for eicher Thi (i e., IL-2 and IFN-y) or Th2 (i-e., IL-4 and lL-10) 
subsets of T helper cells (Fig- 5) . Lymphocyies from animals that 
received vector bui not unniime raodulaior secreted both Th i and 
Th2 specific cytokines in nssponse to viral antigen. Cyclophos- 
phamide, CD4 TiiAb and CD40L mAb all suppressed the 
acilvation of both Th subsets with the most substantial and 
consistent effect achieved with cyclophosphamide. 

Muscle tissue was harvested following u^tmeni with vectors 
and immune modulator and analyzed for inflammation (Fig, 2). 
CD4yCD8 infiltration (Fig, 3), and p-galactosidase expression 
(Figure 6 presents representative micrographs of X-gal stained 
tissues while Table 2 summarizes quantitative morphomelric 
analyses). The most impressive eflfecl was achieved with 
cyclophosphamide. Inflammation and infiltration of CD4/CD8 
cells were chminaied at day 10 and suppressed at subsequent 
times; cransgene expression was stabilized without apparent 
diminution for at least 60 days (Fig. 6J-L). Qualitatively similar 
effects were achieved with the CD4 and aD40L mAbs. In each 
case, inflammation was diminished, as were CIM and CDS 
infiltrates (CD4 lymphocyies were not observed in animals 
treated with CD4 mAb); transgene expression diminished 3-fold 
following both treannents but was still detectable at day 60 (Fig, 
6D-F, CIM mAb; Fig. 6G-I, CD40L mAb). 
\ 

Humoral immunity to adenoviral vectors delivered lo 
skeletal muscle 

Animals treated with vector developed substantial quantities of 
neutralizing antibody to vims within 3 weeks (Fig. 7). The 
absolute quantity of neutralizing antibody was quite variable 
between difl'erent animals, however, it was always detected. This 
antiviral antibody diminishes but docs not block gene transfer 
following a second administration of vector (data not shown). 
Tieaunent with cyclophosphamide, CIM mAb or CD40L mAb 
completely suppressed the formation of neutralizing antibody 
(Fig. 7). 



liable 2. The effect of inimunc modalaiors on the Stability of transgene 
expression in mouse skeletal muscici 





Percent tranpgene expression 






Day 10 


Day 2S 


Day 60 


Control 


17.55 ±5.63 


0 


0 


CIM Ab 


18.34 ±7.31 


12.36 + 4.78 


8.29 ±2. 18 


CD40LAb 


15.52 ±7.85 


9,45 ±446 


6.12 ±3.33 


Cyclophosphamide 


17.32 ±4.96 


18.06 ±6.16 


14.09 ±6.14 



Data were quantified w lih Quanrimn 500+ (Leica) by analyzing the whole cros."; 
sections of tibialis anterior muscles from a total of six legs for the exprcs-sion of 
lacZatdayslO, 28 and 60. 
Duia represent mean ± SD. 



DISCUSSION 

The goal of this smdy was to develop a model that explains the 
immune responses to adenoviral vector delivered to skeletal 
muscle. Strategies for overcoming problematic host responses 
were developed based on our understanding of the basic cellular 
and molecular interactions involved. 

A major limitation of El deleted vectors for the treatment of 
genetic diseases has been the short duration of expression and 
associated inflammation (13). Previous smdies in liver and lung 
indicate that expression of neoaniigens in die target cells (i.e., 
viral proteins and the transgene product) activate CDS"*" T cells to 
form CTLs which directly or indirectiy extinguish gene express- 
ion (11-14). It is clear that antigen specific immune responses 
caimoi explain the entire spectra of associated inflammation. 
Furthermore, cellular immune responses arc not the only factors 
involved in destabilizing transgene expression. Previous studies 
in mouse skeletal muscle conflrmed the importance of cellular 
immunity in the performance of adenoviral vectors by demon- 
strating prolonged liansgene expression in mice with global 
defects in immune function (8-10) as well as animals deficient in 
p2m- [i,e., void of MHC class I and CD8+ T cells (9)]. The 
demonstration in our studies of stabilized transgene expression in 
RAG-2' and p2m" inice confirms die importance of CDS'*" T cell 
efifectors in this process. Vector administration was also asso- 
ciated with activation of B cells that secreted substantial 
quantities of antiviral neutralizing antibodies wliich diminish 
efficiency of gene transfer following repeated dosings. 

The cellular immune responses to adenovirus infected skeletal 
muscle were characterized both in vitro and in vivo. Three sources 
of antigens were considered for activation of CDS'*" T cells 
including viral c^sid proteins, newly expressed viral proteins 
from open reading frames retained in the vector, and the cransgene 
product P-galactosidase. Jn vim chronuum release assays 
confirmed that input capsid proteins do not activate detectable 
numbers of CTLs, presumably because exogenous proteins are 
not efficientiy presented by MHC class I. CTL was detected in 
vitro to both p-galaciosidase and newly expressed viral proteins 
which is siinilar to previous studies of adenoviral vectors 
delivered to liver and lung (23,24). Vilquin et al. have previously 
shown antibodies to P-galactosidase under similar conditions 
although tiiey point out it is unUkely that these antibodies 
contribute to transgene instability (10). Experiments in the 
ROSA-26 mouse, where p-galaciosidase is eliminated as an 
antigen, demonstrated stability of transgene expression despite 
die presence of CTLs to newly expressed viral proteins 
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+CD4Ab +C040LAb +Cyclopho 
sphamide 



H5 OlOCMVlacZ-infeclcd C57BU6 mice at day 1 0 (B. C D and E) were evaluaird for the presence of CTM- and/or CDS 
^vS are Sr=cn4^^drrived from bilatcnd Sections of lh«c individual mice. (B) Conw)) C57BU6 mice; (C) iPl^SlS 
5,ll?SJ)L A^(E^^«^««i«h cyclophosphamide: (F) asummanr of Ae qua.«imtive analysis of CD4* and/or CD8+ ceU mfil«.tc In aU cases, mfilaabon 
ot'lymphocyie-s was subsiamially reduced on days 30 and 60. Magnification x400. 
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Figiu« 4. Activation of T cells in adeiiovirus-mediatcd gene transfer to mouse 
musclca. Lymphocyics hup/ested from mice 10 days after adinioistrauw) of 
vector weie resomulated in vUrv for 5 days, und lesied for specific lysis on 
mocfc-infecied ( 'MocJfe'). pU-liicZrimieaed ('pU-locZ') and HS.OIOCMVlacZ^ 
infected (il5.010CMVlac2') C57SV Cells in a 6 h S^Cr release iissay. 
Perceniagc of spedlic lysis is expressed a.^ a function of different cfTcctor to 
taigei ratios (3:1, 6:1, 12:1, 25:1 and 50:1), (A) C57BL/6 mice infected with 
H5.010CMV lacZ; {B) ROSA-26 mice infa:ied with HS.OIOCMVlacZ; (C) 
C57BL/6 micet infected with UV inactivated H5.010CMVlacZ. 



suggesting cellular inunune responses lo p-galaciosidase domi- 
nate in muscle of non tecZ transgenic animals. This result should 
be considered in the context of previous studies of gene transfer 
to muscle using other vectors, as well as studies of adenovirus- 
roediated gene transfer to other tissues such as liver and lung. 

Prior studies of gene transfer to skeletal muscle have yielded 
conflicting results regarding the immunogenicity of p-galactosi- 
dajse. Hughes and Blau studied cell b'neagc in mouse skeletal 
muscle by transplanting primary myoblasts rclrovirally marked 
wilh lacZ They showed incorporation of Ihe P-galactosidase 
expressing m>ioblasts into die muscle: libers and long term 
cransgene expression (25). In other studies, direct injection of 
plasraid DNA containing a lacZ minigene into mouse skeletal 
muscle yielded substantial transfcction in vivo based on X-ga] 
hisiochemistiy, which diminishes to undetectable levels by 2 
months; this contrasts wjdi identical experiments with a luciferasc 
plasmid whei^ transgcne expression is prolonged (26). We 
conclude that P-galactosidase has the potential for eliciting 
desirucuve immime responses, however, this is highly dependent 
on the method of gene transfer. Direct gene liansfer with plasmid 
or adenoviinl vector may enhance the immune response by 



infecting antigen presenting cells located wilhin the injected 
muscle or in regional lymph nodes. 

The importance of P-galactosidasc to ihe cellular immune 
response in muscle differs from our experience with liver and 
lung where it has been shown that CTLs t viral antigens alone 
are sufficient to desax)y transduced cells and extinguish express- 
ion (23,24). Our aggregate experience with adenoviral veaors in 
three different target tissues has raised several interesting issues. 
It is clear that analysis of CTL activity from balk culuired 
lymphocytes that are resiimulated in vitro is not quantitative and 
may not predict the relative importance of CTL populations for 
in vivo responses. The basic principles of immunology of in vivo 
gene therapy may differ qualitatively wilh respea to target tissue. 
Even more subtle differences in the experimental model such as 
dose and route of vector administration, age and strain of animal, 
and vector structure may play a role. The reason why muscle 
fibers harboring an El deleted adenoviral vector are not 
cfl'ectively targeted by antiviral CTLs is unclear- It is possible that 
CTLs are activated in regional lymph nodes by antigen presenting 
cells infected in siiu by disseminated virus. The muscle fiber may 
express and/or present insufficient antigen to engage activated 
CTLs. We have in fact been unable to detect early (i-e., E2a) or 
late viral gene expression {i.e., hexon, penton or fiber) in 
transduced murine skeletal muscle. In light of these findings, it 
will bt interesting to assess in models of skeletal muscle directed 
gene transfer the utility of second generation adenoviral vectors 
deleted of additional viral genes (27). 

Our smdy demonstrated significant activation of CD4-^ T cells 
to input viral capsid proteins. Characterization of the cytokine 
profile of T cells following stimulation with virus indicated both 
Thi (i.e.. modulate cellular immunity) and Th2 (i.e., modulate 
humoral immunity) subsets of T helper cells were activated. Tlie 
functional importance of Th cell activation was evaluated in 
C57BL/6 mice in which CD4"^ T cell function was ttansiendy 
inhibited by injecting eitiier CD4 depleting raAb or an mAb to 
CD40L tifiat interfered with an important costimulaiory pathway. 
Bodi n>Abs blunted CD4+ T cell activation based on in vitro 
stimulation assays; the in vivo correlate was prolongation of 
transgene expression. Neutralizing antibody which presumably 
requires thymus dependent B cell activation, was also dimin- 
ished. Imponantiy, these direct and indirect indices of T cell 
function remained suppressed long after the function of the 
immune modulator is diminished, These data suggest a model 
similar to Uiat seen in die liver and lung, i.e., thai CD4'*' T cell 
activation to input viral capsid proteins is necessary for effector - 
responses of CDS"^ T cells and B cells. 

The practical implication of this study is that destructive 
humoral and cellular responses to adenoviral vectors in skeletal 
muscle may be prevented if CD4-*- T cell activation is inhibited. 
A direct comparison of three immune modulators — cyclophos- 
phamide, CD4 mAb, CD40L mAb— indicated that cyclophos- 
phamide consistently yielded the bcsi result. Inflammation, 
including CD4/CD8 inTiltraUon, was prevented at day 10. 
Activation of CIM"^ T cells based on in vitro studies was blunted 
and no neutralizing antibody was formed, TmportanUy, transgene 
expression was stable without dinunution for at least 2 months. 

The preferred approach for preventing destructive CTLs is to 
resirucnire the vector so that neoantigens are not expressed (1 3)- 
This, however, may not be possible for replacement therapy of 
recessive diseases where the therapeutic protein is a potential 
neoantigen by definition. An example is the somatic replacement 
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of the LDL receptor gene with an adenovira] vector in the liver of 
a genetically deficicnL mouse model where immune responses to 
the therapeutic protein demonstrate the response of the host (28). 
Furthermore, restructuring the vector genome lo eliminate 
neoandgen expression will not render the capsid proteins of the 
virion less immunogenic to B and T helper cells. It is probable, 
therefore, thai a strategy of transient immune blockade wilh 
vector, such as that described in this study wlU be required. 

MATERIALS AND METHODS 

Administration of recombinant adenoviruses into 
mouse muscles 

Control experiments were performed wilh C57BL/6 mice (H-2^) 
and 129 mice (obtained from Jackson Laboratory, Bar 

Haibor, lirtaine) with identical results. RAG-2- and fern" mice 
were purchased from GenPbarm International (Mountain View, 
California). A description of the specific immune defects present 
in these mice is provided in the Results. RAG-2- mice are in 129 
background (H-2^). Pam" mice were bred onto a C57BL/6 
background (>5 generations). ROSA-26 mice, purchased from 
Jackson Laboratories, are on a 129 background. For depletion of 
CD4+ T cells or blocking of CD40L-CD40 inteiacUon, mice 
were injected intraperitoneally with 0-5 ml aliquois of 1:10 
dilution of mouse ascites fluid containing the GKl -5 {anti-CD4, 
ATCC) or MRl (anti-CD40U ATCC) riiAb at days -1 , 0, +3 and 
+6, This dose of ascites contained -100 |ig of antibody. Some 
mice were treated intrdperitoneally with 100 mg/kg of cyclophos^ 
phamide at days 0, +3 and +6. 

Female mice (4^5 week-old) were selected for this study. The 
recombinant adenoviru.s H5.010CMVlacZ (5 X 10^ p.f.u.) in 25 
^1 of phosphate-buffered saline (PBS, pH 7.4) was directly 
injected into dbialjs anterior muscles. This vector is deleted in El , 
has a small substitution in E3, and expresses UicZ from a CMV 



enhanced ^-actin promoter. Selected stocks of vims are screened 
for presence of replication eompeieni adenovirus (RCA); the 
coireni assays consistently demonstrate RCA at levels no greater 
than 1:1 0**. When animals were necropsied 10, 17, 28 or 60 days 
later, muscle tissues were snap-frozen in liquid nitrogen-cooled 
isopentane and sectioned at 6 \im thickness, while serum samples 
and the draining inguinal lymph nodes were harvested for 
immunological assays. Analysis of tissue at each time point 
represented a minimum of 6 injection sites (i.e., bilateral 
sampling from at least three animals). 

Morphological analyses 

X-gal hisTochemutny. Frozen sections (6 \im) wei^ fixed in 0.5% 
glutaraldehydc and stained for p-galactosidase activity as de- 
scribed- Sections were counterstained in neutral red solution. 

Detection of CDS and CD4 cells by immunofluorescence. 
Frozen sections (6 tim) were fixed in methanol and stained with 
anti-CD4 and anti-CD8 antibodies as described. Morphometric 
analysis was performed to quantify the number of CD8'*' and 
CD4+ cells per section. 

Pathology. Sections (6 ^un) were fixed with formalin and stained 
with hematoxylin and eosin (H & E) according to standard 
procedures. Random sections in a blinded fashion were evaluated 
for hisropathology using the criteria developed by Rostami for 
describing polymyositis with minor modifications {H.Nemoto, 
D.L-Schoiland and A.Ro5taxni, in preparation). Within each 
section, the severity of patiiology was quantified based on a grade 
from 0 (no pathology) to 3 (severe pathology). Grade 0: no 
inflammation; grade 1 : cndomysial intlammanon with a mini- 
mum of four muscle fibers undergoing necrosis and/or degener- 
ation in the muscle cross section; grade 2: focal perimysial 
inflammation plus grade 1 changes; grade 3: diffuse perimysial 
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Figure 6- The eifcct of immune modulaiors on the stability of adcnavinis-medialcd uaiisgenc expression in mu&cles. H5-0J OCMVlacZ (5 X 10^ pXu.) was injected 
intramusculajjy into C57BL/6 mice (firei fow), C57BL/6 niice depleted ot'CD4+ cells (second row), C57BLy6 mice ineaied wiOi CD^OL Ab (third row) and CS7BU6 
mice trcaied •^Ji* cyclophosphiunidc (foimh row). Mice were sacrificed aild muscle ti5sucd were harvesicd 1 U (fini column), 28 isecond column) and 60 (third column) 
days later fof /^icZ exptesKion by X-gal hisiochemisiry. Magnificaiion x200.' 



inflaTTirnation plus grade 1 changes. Focal inflammaiion repre- 
sents one or two areas of inflammation while diffuse areas were 
greater than two inflammaloiy zones. Analyses were performed 
on three animals per time point encompassing two sections for 
each animal. 



CTL assay 

Lymphocytes harvested from inguinal lymph nodes were re- 
Rtimulaied with H5.01 OCZMVlacZ al moi of 1 for 5 days at 6 x 1 0^ 
ccllsi/well (in 24 well plate) in 1.6 ml of Dulbecco's modified 
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Figure 7. AiiTi-viral neuiraliong antibody. Scrum samples obiained 28 days 
after infection from C57DU6 mice ('Contrnl'), C37BL/6 mice depleted of 
CD4-+ celU ('+CD4 Ab'), C57BU6 mice ireaiwl with CD40L Ab (^-KX>40L 
Ab') and C57BL/6 inice trcmed with cydophosplwinidc ('+Cyclophosplia- 
mide') were tested for the presence of neutralizing antibodies to adenovirus. 
This figure summarizes neutralizing antibody titer present in serum sampleii. 



Eagle's medium (DMEM) supplemented with 5% FBS and 50 
pM 2-mercaptoclhanol. A standard 6 h ^'Cr-nelease assay was 
performed subsequendy using different ratios of effector lo target 
cells (C57S V, H-2^) in 200 |ll DMEM in V-bouom 96- well plates. 
Prior to mixing with the eftecior cells, target cells were either 
infected with H5.0lDCMVlacZ or stably transduced with a 
lacZ-eTtprcssing reuovirus, pU-lacZ, labckd with 100 ^iCi ^*^'Cr 
and used at 5 ><: 10^ cells/well. After incubation for 6 h, aliquots 
of 100 |il supernatant were counted in a gamma counter. 
Percentage of specific ^^Cr release was calculated as: [(c.p.m. of 
sample - c.p.m. of spontaneous release) / (c.p.m. of maximal 
release - c.pjn. of spontaneous release)] x 100. Spontaneous 
release was deiennincd by culturing target cells in medium and 
maximal p\ezse was established by culturing target cells in a I % 
soludon of SDS. 



Cytokine release assay 

Lymphocytes (6x 10^) werercstimulated for 40h with orwithoui 
UV-Lnacnvated HS.OlOCMVlacZ in 1.6 ml DMEM in 24-wcU 
Costar plates- Cell-frte supemaiants ( 100 were assayed for the 
secretion of IL2, IL4, ILIO and IFN-y by EUSA or transferred 
onto 2 X 10^ HT-2 cells (IL-2 and IL-4-depcndent cells) or CT4S 
cells (IL4-dependent cells) on round bottom 96-well plates. 
Proliferation was measured 72 h later by a 8 h [^Hlihyniidine 
(0.50 nCi/wcll) pulse. Data reflect the mean of quadruplicate 
samples. 

Neutraliziiig antibody assay 

Mouse serum samples were incubated at 56^0 for 30 min to 
inactivate complement and then diluted in DMEM in 2-fo]d steps 
starting from 1:20- Each serum dilution (100 ^l) was mixed with 
HS.OlOCMVlacZ (1 x 10^ pi.u. in 20 ^1), incubated for 1 h at 
31°C, and applied to 80% confluent HeLa cells in 96- well plates 
(2 X 10^ cells/well). After 60 min incubation at 37°C» 100 |al 
DMEM containing 20% FBS was added to each well. Cells were 
fixed and stained for p-galactosidai;c expression Uie following 
dny. All of the cells Stained blue in the absence of sen im Mmples. 
The dter of neutralizing antibody for each sample was rcponed 
as the highest dilution widi which <50% of cells .stained blue. 
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